During previous cooperative numerical taxonomic studies of slowly growing mycobacteria, the International Working Group on Mycobacterial Taxonomy described a number of strains whose taxonomic status was ambiguous. A new study of DNA, RNA, and proteins from 66 of these organisms was performed to correlate their properties with phenotypic clustering behavior; the results of this study permitted 5 1 of the strains studied to be assigned to known species. The methods used to characterize the semantides included nucleotide sequencing and assessment of levels of semantide relatedness by affinity binding techniques, including whole DNA-DNA hybridization, probe hybridization, and antibody binding. There was good overall agreement between the phenotypic and chemotaxonomic clusters and the groups of organisms identified by semantide analyses. Our results supported the conclusion that we should continue to rely on polyphasic taxonomy to provide satisfactory systematic resolution of members of the genus Mycobacterium. We identified no single 16s rRNA interstrain nucleotide sequence difference value that unequivocally defined species boundaries. DNA-DNA hybridization remains the gold standard, but common resources are needed to permit DNA-DNA hybridization analyses to be made available to laboratories that are not prepared to use this technology. One of the large novel clusters which we studied corresponds to the recently described species Mycobacterium interjecturn, a pathogen that resembles the ilonpathogen Mycobacterium gurdonae phenotypically, We also identified strains that appear to represent ribovars of Mycobacterium intracellulare which do not react with the commercial diagnostic probes that are currently used for identification of this species. Other branches or clusters consisted of too few strains to permit a decision about their taxonomic status to be made.
During previous cooperative numerical taxonomic studies of slowly growing mycobacteria, the International Working Group on Mycobacterial Taxonomy described a number of strains whose taxonomic status was ambiguous. A new study of DNA, RNA, and proteins from 66 of these organisms was performed to correlate their properties with phenotypic clustering behavior; the results of this study permitted 5 1 of the strains studied to be assigned to known species. The methods used to characterize the semantides included nucleotide sequencing and assessment of levels of semantide relatedness by affinity binding techniques, including whole DNA-DNA hybridization, probe hybridization, and antibody binding. There was good overall agreement between the phenotypic and chemotaxonomic clusters and the groups of organisms identified by semantide analyses. Our results supported the conclusion that we should continue to rely on polyphasic taxonomy to provide satisfactory systematic resolution of members of the genus Mycobacterium. We identified no single 16s rRNA interstrain nucleotide sequence difference value that unequivocally defined species boundaries. DNA-DNA hybridization remains the gold standard, but common resources are needed to permit DNA-DNA hybridization analyses to be made available to laboratories that are not prepared to use this technology. One of the large novel clusters which we studied corresponds to the recently described species Mycobacterium interjecturn, a pathogen that resembles the ilonpathogen Mycobacterium gurdonae phenotypically, We also identified strains that appear to represent ribovars of Mycobacterium intracellulare which do not react with the commercial diagnostic probes that are currently used for identification of this species. Other branches or clusters consisted of too few strains to permit a decision about their taxonomic status to be made.
Approximately 17 years ago the International Working Group on Mycobacterial Taxonomy (IWGMT) began a cooperative open-ended study in which phenotypically unusual strains of s l o~l y growing mycobacteria were collected on a continuing basis. These strains were distributed to participants in the open-ended study for characterization by a broad range of predominantly phenotypic tests, and at intervals the data obtained were subjected to numerical taxonomic (NT) analyses (29-32). The purpose of studying an expanding set of cultures was to characterize slowly growing mycobacterial strains that either represented uncommonly encountered species that had not been represented in previous cooperative studies (10, 25, 28) or belonged to clusters of previously unrecognized taxa. These analyses yielded expanded phenotypic characterizations of members of some clusters that had not been thoroughly characterized before, such as the clusters that included the type strains of Mycobacterium simiae, Mycobacterium szulgai, Mycobacterium asiaticum, and Mycobacterium malmoense (3 1).
However, some individual strains and phenotypic clusters emerged that exhibited no unequivocal affinity to any known species or appeared to be intermediate in character between two or more species (32). To determine the taxonomic status of these strains and clusters, the IWGMT began a new study in which semantide-based characterizations of the organisms were emphasized. The other purposes of this study were to determine whether consistent criteria for circumscription of species in terms of depth of branching on 16s rRNA phylogenetic trees could be identified and to evaluate the potential roles that a variety of semantide and chemotaxonomic methods can play in mycobacterial systematics. All three classes of semantides (large, information-bearing molecules), including the primary semantide (DNA), secondary semantides (RNAs), and tertiary semantides (proteins), were examined (37). Some participants performed chemotaxonomic analyses as well. In this paper we describe the results of this polyphasic taxonomic study.
MATERIALS AND METHODS

Selection of strains.
A total of 66 strains that had been placed in unidentifiable clusters or at isolated positions in the most recent analysis of data fiom the open-ended phenotypic study (32) 19250) . All of the strains were given new code numbers for this study, and the code was not revealed until all data had been received in the coordinator's office, after which no new data were accepted. The original code numbers that were assigned to these strains in the previous studies (29-32) are used in this paper to permit easy reference to the previously published information.
Participating laboratories and categories of analyses performed. The laboratories that agreed to submit data for the new study were given alphabetical designations (laboratories A through Q); laboratories E, G, L, and 0 dropped out of the study without submitting data. The data provided by the remaining 13 laboratories were divided into categories that included primary, secondary, and tertiary semantide data, as well as chemotaxonomic pattern data.
For purposes of this study, semantide-based relationships were defined as relationships that reflect the levels of sharing of specific base or amino acid sequences in primaiy, secondary, or tertiary semantides. Estimates of the levels of sharing, in turn, were based on the results of either direct sequence determinations or indirect assessments of levels of sequence similarity inferred from the affinities of selected nucleic acid or antibody probes for the corresponding semantides of the strains investigated. In this context we treated the data that were based on enzyme electrophoretic patterns as chemotaxonomic characteristics. Even though enzyme proteins themselves are semantides, the electrophoretic patterns could not be used to deduce actual levels of amino acid sequence sharing between strains.
For the purposes of this paper, chemotaxonomic characteristics included chromatographic patterns of various lipid components of mycobacterial cells, seroagglutination types, and electrophoretic patterns of enzymes.
Primary semantide (DNA). Workers in two laboratories determined levels of DNA relatedness among strains. Workers in laboratory J performed block experiments in which they determined the levels of DNA relatedness for all strain pairs made up of 57 of the strains distributed. Hybridization between nitrocellulose-bound single-stranded DNA and dissolved sulfonated single-stranded DNA was carried out at 80"C, and this was followed by application of umbelliferone-labelled anti-sulfonated DNA antibody, which permitted the workers to determine fluorimetrically the level of DNA-DNA hybridization that occurred (19, 20) . Because the conditions used for the fluorimetric assay are different from the conditions used for more conventional assays, the significant binding scores are greater than the value (70%) that has been recommended for interpretation of traditional DNA-DNA hybridization assay values (26).
Workers in laboratory Q estimated the levels of affinity between DNAs from the test strains and a series of whole genomic reference DNA probes derived from 23 mycobacteria. Eight of the DNA probes were from rapid growers, and only two of them, representing Mycobacteriutn fortuitum and M. flavescens, are discussed below. The remaining reference probes were derived from M. tuberculosis, M. kunsasii, M. marinurn, M. simiae, M. scrofulaceum, M. gordonue (two apparently unrelated reference strains, the type strain, and a clinical isolate), M . szulgai, M. avium, M. intracellulure, M. gastri, M. xenopi, M. terrae, M. triviale, M. nonchromogenicum, M. malmoense, M. asiaticum, and the recently described new species Mvcobacteriurn intejecturn (16) by using a colorimetric microplate assay (7) . In this method, affinity at the species level is ascribed to the probe that yields the highest score of the panel used (arbitrarily assigned a value of 100%), as long as the highest score exceeds the second highest score by at least 30%.
Workers in laboratory H performed a restriction fragment length polymorphism (RFLP) analysis of PCR-amplified DNA (1 1). The patterns observed were graded for similarity to patterns observed with established species or to arbitrarily coded novel patterns that exhibited little similarity to the patterns of known species. Results were expressed as percentages of similarity to the most similar reference pattern previously recognized in laboratory H or to a selected novel pattern, when appropriate.
Secondary semantides (RNAs). Workers in five laboratories performed tests to determine levels of 16s rRNA relatedness among strains; the data obtained in two of these laboratories were based on base sequence determinations, and the data obtained in the others were based on levels of hybridization with selected reference probes. Workers in laboratory P determined the actual sequences of all of the test strains in 16s rRNA hypervariable signature regions A and B, corresponding to Esclzerichiu coli 16s rRNA positions 125 to 270 and 408 to 503, respectively, by using corresponding PCR-amplified DNA (6) . In addition, the almost complete 16s rRNA gene sequence (E. coli positions 38 to 151 1) of one strain that was selected to represent each of the newly recognized signature region patterns was also determined. Alignment positions 38 to 61 and 1426 to 1491 were omitted from the phylogenetic analysis, and the remaining sequences were used to construct a phylogenetic tree (13). Expanded partial sequences (corresponding to E. coli positions 38 to 321,393 to 549, and 1128 to 1478) were determined for strains representing each of the signature sequences found in the closely related members of the M. avium-M. iniracellulare complex; all but the first 10 nucleotides of these sequences were used to generate an independent phylogenetic tree for this complex.
Workers in laboratory I determined the sequences of the 16s rRNAs in the hypervariable signature region by using a 372-nucleotide PCR product corresponding to a location situated between positions 101 and 490 in the 16s rRNA Bacillus sirbtilis nomenclatural convention (17). The results were expressed as percentages of divergence from the most similar reference sequence previously recognized in laboratory I.
Workers in laboratory A used commercial DNA probes (Gen-Probe, San Diego, Calif.) that were complementary to selected regions of the 16s rRNAs of M. gordontie and M. intracellulare in a chemiluminescent tube method (1, 8) . Workers in laboratory M used comparable probes complementary to the 16s rRNAs of At. aviurn and M. tuberculosis. In addition to using the commercially available probes indicated above, workers in laboratory B used a number of experimental probes that are not available commercially. These probes were assigned arbitrary code numbers for interpreting data in this study.
Tertiary semantides (proteins). Workers in two laboratories determined levels of protein relatedness by using selected cross-absorbed antibodies as probes. Workers in laboratory K tested bacterial extracts by performing immunodiffusion tests with cross-absorbed antisera to the a antigens of members of the M. avium complex (i.e., M. avium and M. intracellulare), M. scrofulaceum, M. tuberculosis, M. gordonae, M. szulgai, and M. malmoense (21, 22) .
Workers in laboratory N used the intrinsic enzyme dot blot technique on nitrocellulose sheets dotted with cross-absorbed antibodies to the T-catalases of M. asiaticum, M. avium, M. gordonac, M. intrucellulare, "M. parafinicum," M. kansasii, M. scrofulaceum, M. simiae, and M. tuberculosis (27) .
Chemotaxonomic characteristics. Workers in one laboratory examined the electrophoretic patterns of enzyme proteins, and workers in two laboratories studied the chromatographic patterns of bacillary lipids.
Workers in laboratory F performed a multilocus enzyme electrophoresis (MLEE) analysis of sonic extracts of the test strains (12). The enzymes detected included malate dehydrogenase, isocitrate dehydrogenase, peroxidase, glucose phosphate isomerase, aspartate aminotransferase, and adenylate kinase. The electrophoretic mobility of each enzyme was characterized as fast, medium, or slow, and the six-enzyme pattern obtained for each strain was coded in terms of the mobilities determined. Since the charges and molecular weights of the proteins determined their mobilities, the levels of sequence relatedness between pairs of enzymes derived from different strains could not be determined from these data; similarities could only be estimated in terms of "agree" or "not agree," which yielded six characteristics for the pairs of strains compared.
Workers in laboratory C saponified cells of the mycobacteria; then the mycolic acids were extracted and converted to p-bromophenacyl esters, and the extracts were subjected to high-performance liquid chromatography (HPLC). The retention times and peak heights were analyzed with a computer (2) , and the patterns recognized were given arbitrarily assigned code numbers.
Workers in laboratory D examined extracts of the bacilli by thin-layer chromatography (TLC) and gas chromatography (GC) as previously described (4, 9) to determine the fatty acid and mycolic acid patterns for each strain. Eight different patterns were identified by TLC; these patterns were assigned uppercase letter designations. A total of 23 different GC patterns of mycobacterial lipids or their pyrolysis products were recognized by the workers in laboratory D, and these patterns were designated by lowercase letters. Thus, each strain in this study was characterized by a two-letter lipid pattern designation made up of an uppercase letter that designated the TLC pattern followed by a lowercase letter that designated the GC pattern.
Editing and analysis of phenotypic data. The data which were used in the phenetic NT analysis and for the feature frequency table were obtained from the previously published open-ended studies in which the same strains were used (32). Characteristics were coded according to the , and NT analyses were based on simple matching coefficients with sorting by unweighted average linkage (1523). The criteria and editing programs used to suppress irrelevant, redundant, and incomplete data have been described previously (32). Workers in laboratories A and M performed a few selected phenotypic tests with the recoded and distributed strains used in this study as a check on the distribution system, but the resulting data were not included in the full NT analysis.
A table of phenotypic feature frequencies was generated for sets of strains that were grouped for this purpose according to their levels of apparent phylogenetic relatedness, as inferred from the tree that was based on their 16s rRNA sequences rather than their positions in the phenotypic NT matrix described above. -s D1
FIG. 1. Phenetic NT diagram for the strains used in this study. A name following a strain designation indicates that the culture used was derived from the type strain of the species named. The letter-number designations indicate the branches on the 16s rRNA phylogenetic trees ( Fig. 2 and 3 ) that are occupied by the strains. The designations in braces indicate the phenetic clusters into which the strains fell in a previous phenotypic study (32). (nd), not determined.
The result for each strain on the feature frequency table was the modal score (i.e., the result obtained for the strain in the majority of the laboratories that performed the test) (34).
only data for strains that were distributed for examination in this study were used for the diagram in ~i~. 1. The suppression of the phenotypic data for strains that were not redistributed led to some transposition of strains and even clusters on the new diagram. To the extent possible, the cluster numbers on the phenetic diagram in Fig. 1 correspond to the cluster numbers used in the previous cooperative study (32). The strains
RESULTS
The phenetic NT diagram in Fig. 1 was derived from the data used to prepare a diagram in a previous study. However, distributed for this study included cultures that were derived from the type strains of 19 validly described species and one invalid species of mycobacteria; these cultures are identified by their species names in Fig. 1 . The type strains of 13 species (M. JEavescens, M. nonchromogenicum, M. triviale, M. terrae, M. marinum, M. szulgai, M. kansasii, M, gastri, M. gordonae, M. shimoidei, M. farcinogenes, M. xenopi, and M. tuberculosis) exhibited phenetic matching scores of less than 85% with all of the test strains used in this study. The remaining type strains exhibited phenetic matching scores of more than 85% with at least one other culture in the study set.
RNA studies. When the slowly growing test strains were examined in laboratory P, 29 different nucleotide sequence patterns were observed in 146-nucleotide signature region A of the 16s rRNA, and 15 patterns were observed in 96-nucleotide signature region B. (Two strains in the study were rapid growers and were excluded from further study.) The sequences of some of the strains were identical in region A but different in region B, and the converse was also true.
One strain that was representative of each of the composite nucleotide sequence patterns (i.e., the patterns in regions A and B combined) was selected for an expanded sequence determination study (as described in Materials and Methods), and the resulting data were used to generate phylogenetic trees based on the patterns of most of the slow growers ( Fig. 2) and of a subset that included members of the M. avium-M. intracellulare complex (Fig. 3) . Two strains that represented the type strains of two rapidly growing species, M. flavescens and M. farcinogenes, were not included on these phylogenetic trees. The European Molecular Biology Laboratory accession numbers of the 16s rRNA sequences of most of the type strains used in this study have been described previously by Rogall et al. (13) , Springer et al. (16) , and Boddinghaus et al. (la) , and the signature sequence of M. asiaticum has been described by Meir et al. (9a) . New sequences determined in this study are listed in Table 1 . The assignment of designations to strains or strain clusters on the phylogenetic trees was arbitrary and was based on using the same letter for occupants of a major limb containing closely allied strains or clusters, followed by numbers to distinguish between groups containing the closely related taxa (branches) on each limb. Also included on these trees were branches corresponding to previously established nucleotide sequence patterns of known species and unnamed branches, representatives of which were not included in this study. Expanded sequence data for strains that were assigned to branches C-4.1 and C-4.2 on the basis of their signature region patterns were not included in the Hamming distance tables or phylogenetic trees that were submitted as such to the study coordinator. However, workers in the submitting laboratory indicated that strain IWGMT 90139, representing branch C-4.2, corresponded to "M. parafinicum" and noted that the complete sequences of the two strains on branch C-4.1 differed at only two nucleotides from the sequence of M. scrofulaceum.
In general, there was good agreement between the positions of strains on the phenetic NT diagram and the branch designations of the organisms on the 16s rRNA phylogenetic trees (Fig. 1) . With only one exception (strain IWGMT 90238), the first 13 strains in clusters 4a and 4b on the phenetic NT diagram belonged on one of the 16s rRNA branches designated B-1 through B-5, which included the type strain of M. intracellulare. The strains on 16s rRNA branch B-6 were distributed in Tables 2 and 3 . When a branch included the type strain of a known species, the branch designation and the species name are given. M. paratuberculosis (synonym, M. avium subsp. paratuberculosis) was not represented by a type strain in the cultures that were distributed for this study. The short sequences in the signature regions of members of branches B-8.1 and B-8.2 were identical (see the discussion concerning these strains in the text). Bar = difference of one nucleotide between sequences. Nocardia asteroides was the outgroup used.
phenetic clusters 4c and 6, but there was some intercluster affinity at matching scores of 285% between some strains belonging to these two clusters; cluster 6 also contained the type strain of the nonvalid species "M. parafinicum," although on the 16s rRNA tree this strain was clearly distinguished from other strains belonging to this cluster. The strains on 16s rRNA branch B-8 appeared in phenetic cluster 4a, an unlabelled cluster above cluster 6, and cluster 8; there was little phenetic affinity between the branch B-8 strains in cluster 8 and the strains in the other clusters. The branch B-9 strains of M. avium in cluster 11 exhibited little phenetic affinity with their counterparts in cluster 12, although, as discussed below, all of these strains did appear to be members of the same species. Large phenetic cluster 7 comprised predominantly branch H-1 strains; individual branch H-1 strains also appeared in the unlabelled cluster just below cluster 4c, cluster 6, and cluster 9. In each case the matching scores between these outlying branch H-1 strains and some cluster 7 strains were high enough that the branch H-1 strains could reasonably be considered members of cluster 7. Strains belonging to 16s rRNA branches H-2, H-3, and H-4 appeared in phenetic clusters 7 and 9.
There are no universally applicable criteria for deciding how many base deletions and/or substitutions in 16s rRNA sequences are sufficient to justify establishment of a new species (18). A useful approach for identifying natural evolutionary discontinuities is to plot frequency distributions of matching or distance scores and identify null points in these distributions that appear to represent natural taxon borders for a given group of organisms (24). This was done with the two sets of 16s rRNA Hamming distances used to generate Fig. 2 and 3 . Hamming distances were calculated by determining the number of 16s rRNA nucleotide differences between two strains when substitutions, deletions, or additions were weighted equally (13); the trees were constructed by the neighborliness method (4a). When a compressed histogram of the Hamming distances for the large (1,384-nucleotide) sequences of a broad range of species was drawn (Fig. 4A ), a major bimodal distribution was observed. This distribution reflected the two major limbs on the phylogenetic tree ( Fig. 2) , i.e., the limbs containing strains with and without long helix 18. A second histogram was prepared by using the same data, and this second histogram was limited to an expanded-scale presentation of the Hamming distances that fell in the range between 1 and 20 nucleotides (Fig. 4B ). Although there were fewer datum points, there was evidence of discontinuities after scores representing 3,5,9, and 17 substitutions. A triangular matrix was prepared by using the Hamming distances for the strains in this study for which complete sequences had been determined and symbols that corresponded to the Hamming distance score clusters identified in Fig. 4B . (It should be noted that the type strains of the new species M. interjectum, Mycobacterium intermedium, and Mycobacterium genavense were not included in the set of strains distributed for this study, but the 16s rRNA sequences of these strains are now available and were incorporated into this analysis of data.) The triangular matrix ( Fig. 4C) showed that most Hamming distances between pairs of type strains of established species were 10 or greater. A striking exception was the high level of similarity between M. malmoense and M. szulgai.
Because of special interest in the relationships among members of the M. avium-M. intracellulare complex, a separate analysis was performed with the strains that exhibited the highest levels of similarity to the type strains of M. avium and M. intracellulare. The 782-nucleotide sequence data were used in this analysis. The histogram of the Hamming distances obtained for this select group of strains exhibited a tetramodal distribution over a narrow range of values (Fig. 5A ). The null points were used to select symbols for a triangular matrix ( ......
[ 189 c-4
;;iss --- Strains on branches B-6, B-7, and B-8 formed a cluster whose average internal distance was 6 or less and whose average distances from the type strains of M. aviurn and M. intracellulare were 7 or more.
Workers in laboratory I recorded the 16s rRNA signature sequence distances in terms of percentages of divergence from the corresponding sequence of the most similar reference organism. Levels of divergence of 10.5% were considered inconsequential, and the actual levels of divergence are shown in Table 2 only for the reference sequences that exhibited levels of divergence greater than 0.5%.
The lower threshold for positive reactions with the commercially available DNNRNA probes used in laboratories A and M was 3 X lo4 relative light units, and 1 X lo4 relative light units was the unequivocal upper threshold for negative reactions. The values obtained in most of the positive reactions observed with these probes were significantly more than of lo5 relative light units. However, in three reactions the values were between 3 X lo4 and lo5 relative light units and these reactions were considered questionable ( Table 2 ). All of the strains on branches B-4 and B-5, including the type strain of M. intracellulare, gave positive reactions with the commercial probe for M. intrucellulure, but none of the strains on branches B-1 through B-3 or B-6 through B-9 gave positive reactions with this probe; one strain each on branches C-1 and C-3 reacted with this probe (the false-positive reaction of M. kansasii observed in laboratory A is unexplained and may reflect a labelling error), and two other strains, both members of branch 1-1, gave questionable results. All of the strains on branch B-9, which included the type strain of M. avium, reacted with the commercial probe for M. uvium, as did the strain on branch
The strains that reacted with any of the novel experimental probes used in laboratory B tended to react with more than one probe, but several clusters exhibited internal consistency in the pattern of probes with which they reacted. Of some interest is the observation that probe D, which appeared to exhibit remarkable sensitivity and specificity for the strains on branch H-1 (Table 2 ), was originally developed for possible use in identification of Mycobacten'um haemophilum, a species that was not included in this study.
DNA studies. An NXN triangle diagram was generated for the strain pair DNA-DNA hybridization scores obtained for 57 of the distributed strains in laboratory J (Fig. 6) . The sequence in which the taxa appear in Fig. 6 was determined arbitrarily on the basis of their 16s rRNA signature sequence codes to help visualize the levels of DNA-DNA relatedness in the branches.
J-1.
As noted above, the procedure used to determine levels of DNA-DNA hybridization in laboratory J yielded higher values than the values obtained with other, more traditional methods. In order to gain some insight into appropriate species cutoff levels for DNA hybridization data when this technique is used, the data obtained in laboratory J from 91 strain pair hybridizations that resulted from cross-testing the DNAs of the type strains of 14 species represented in this study were segregated and used in an independent analysis. The frequency distribution of the resulting cross-hybridization data was plotted, and it was found that the data exhibited a tetramodal distribution and that the maximum interspecies value for members of the known species was 81% (Fig. 7A) . On the basis of this distribution, a different symbol was assigned to each of the three highest ranges of interspecies hybridization values (46 to 65,66 to 80, and 81%) when a triangular NT diagram for the 14 type strains was constructed (Fig. 7B) . On the basis of these values and the DNA hybridization NT diagram for all of the strains used in the study (Fig. 6) , it appeared that members of different species exhibited hybridization values of less than 85% and that hybridization values of more than 85% meant that organisms belonged to the same species when this technique was used. Furthermore, there also appeared to be some correlation between lower DNA-DNA hybridization values and distribution on the major limbs of the 16s rRNA phylogenetic tree.
The type strains of M. jlavescens, M. nonchromogenicum, M. triviale, M. terrae, M. gastri, M. tuberculosis, and M. xenopi exhibited less than 81% hybridization with each other and with the other 50 strains examined (Fig. 6 ). With strains on branches B-1 through B-5, including the type strain of M. intracellulare, hybridization values for strain pairs that were greater than 85% were common; however, strain IWGMT 90234 appeared to be aberrant, because the levels of hybridization between this strain and all other strains on these five branches were less than 81%. The three strains on branch B-6 exhibited high levels of relatedness to each other, and in some comparisons with members of other clusters the levels of relatedness were greater than 81%. The two branch B-8 strains that were tested exhibited a low level of affinity with each other, but strain IWGMT 90141 DNA did exhibit moderate to high levels of affinity with DNAs of some strains on branches B-3, B-4, and B-6, as well as B-9, which included the type strain of M. avium. There was some ambiguity in the interpretation of some high values that were scattered throughout the diagram; these values did not appear to represent clustering behavior, but rather they were isoalted values which may have reflected some technical variation in the test itself. M. malmoense was represented by three closely related strains in cluster C-1, which also exhibited a few scattered high values on the diagram. For purposes of tabulation of the data obtained in laboratory J (Table 2) , a strain was placed in a species or cluster if its median level of hybridization with members of the cluster was greater than 85%. In some cases this led to multiple ascriptions for a strain.
Workers in laboratory Q probed 86 of the distributed strains with DNAs from the reference species and were able to place 67 of these strains in 1 of 18 species. The remaining 19 strains could not be identified with any of the probes (Table 2) .
Workers in laboratory H reported that the DNA RFLP patterns of strains from most of the branches exhibited matching scores at levels of 83% or higher to patterns that had already been recognized in known species (Table 2) . Almost all members of branches B-1 through B-5, including the type strain of M. intracellulare, exhibited high levels of similarity with the INT-1 pattern. The patterns of strains on branches B-6 and B-7, as well as the patterns of strains on branches C-4 
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and C-4.2, exhibited high levels of affinity with M. scrofulaceum patterns. High levels of internal consistency were observed with strains on branch C-1, which includes the type strain of M. malmoense, and with strains on branches J-2 and 5-3, which include the type strain of M. simiae. A major novel pattern was observed with branch H-1 strains and was designated "UNK-1"; members of this branch also produced novel patterns "UNK-3a" and "UNK-3b." Other previously unrecognized patterns were scattered throughout the rest of the branches. Protein studies. The identities of strains determined by using cross-absorbed antibodies to the a antigens in laboratory K revealed striking levels of internal cluster consistency ( Table  2 ). The identities, however, did not always agree with the identities determined by other semantide-based methods. The "MAC" antibody probe was not designed to distinguish between M. avium and M. intracellulare, and all of the strains on branches B-1 through B-5 reacted with this probe. Of special interest was the placement of cluster B-6 and B-8 strains in M. scrofulaceum by this method. Also of interest were the consistent positive reactions observed with members of both branch C-1 (M. malmoense) and new branch H-1 when they were tested with the nominal M. malmoense antibody probe.
Using cross-absorbed antibodies to T-catalases in the intrinsic enzyme immunoblot test, workers in laboratory N identified the type strains of a number of species. Use of these antibodies also resulted in consistent identification of members of branch B-5, which includes the type strain of M. intracellulare, and branch B-9, which includes the type strain of M. avium (Table  2) . On the other hand, most strains on branches B-1, B-2, B-3, B-6, and B-8 did not react with either the M. intracellulare probe or the M. avium probe. No antibody probes for the T-catalases of members of branch C-1 (M. malmoense) or new branches H-1 through H-4 were available.
Chemotaxonomic studies. Workers in laboratory C recognized 19 different mycolate HPLC patterns produced by the distributed strains ( 6 . Distribution of DNA-DNA hybridization values for all strain pairs examined by the fluorimetric membrane method in laboratory J. The strains were manually grouped on the basis of the branches on the 16s rRNA phylogenetic trees ( Fig. 2 and 3) that were occupied by the strains. A name following a strain line indicates that the culture used was derived from the type strain of the species named. produced pattern 11. Of the 14 strains on new branch H-1, 13 produced pattern 9, which was also produced by individual strains on branches H-3 and H-4. Branch B-5, which included the type strain of M. intracellulare, was made up mainly of pattern 5 strains, and branch B-9, which included the type strain of M. avium, consisted of pattern 13 strains. However, patterns 5, 7, and 13 also were produced frequently by members of other branches on limbs B and C of the tree, which encompassed strains related to M. intracellulare, M. avium, and M. scrofulaceum, and were produced irregularly by members of other branches as well. The other patterns were predominantly isolated patterns produced by the other type strains in the collection.
The composite TLC and GC lipid patterns reported by workers in laboratory D appeared to have different levels of specificity than the mycolate HPLC analysis patterns discussed above ( Table 3 ). All of the strains belonging to the M. avium-M. intracellulare complex (branches B-1 through B-9), as well as the strains on the M. scrofulaceum-related branches (branches C-4, C-4.1, and C-4.2), produced pattern B-b. This pattern was also produced by a few isolated members of other branches as well. Pattern C-e was the predominant pattern produced by members of branches H-1, H-3, and H-4, although other unique patterns were also produced by members of these branches. M. simiae strains produced pattern D-f. The other patterns were predominantly isolated patterns produced by the other type strains in the collection.
The major MLEE patterns reported by workers in laboratory F were designated MLEE 1 through MLEE 9, and decimal subdivisions were used to distinguish members that differed in the mobility of only one enzyme pair. It was found that all of the strains on new branch H-1 produced pattern MLEE 5.4, MLEE 5.5, or MLEE 5.6 (Table 3 ). These and other MLEE 5 patterns were also produced by members of other branches. It was not possible to determine whether two similarly coded patterns were exactly the same, however, since the actual mobilities of the enzymes from different strains may have differed, even though they were designated fast, medium, or slow.
The serovar data shown in Table 3 were obtained from the data used to prepare a previous report concerning the phenotypic open-ended study of slowly growing mycobacteria (32). Most of the strains used in this study could not be placed in known serovars. We have reported previously (33) that 20 strains representing M. avium and M. intracellulare serovars 1 through 6, 8 through 11, and 21 all reacted like M. avium strains, as determined by a Gen-Probe analysis and by a Tcatalase serology analysis. Similarly, almost all 25 strains rep-resenting M. avium-M. intracellulare serovars 7, 12 through 20, 23, and 25 included in the previous study were identified by these probes as M. intracellulare strains. The species designations of members of other serovars in this series were considered problematic. Some of the strains of other serovars used in this study (e.g., serovar 24 and 26 strains) were members of branch B-3 which did not react with the commercial M. intracellulare Gen-Probe probe. Among other established species, strains of M. malrnoense were fairly uniform in agglutinating in the presence of the "malmoense" antiserum, and, as has been noted previously, strains of M. simiae belong to serovars S-1, S-2, and 18; serovar 18 also appears among strains of M. intracellulare (33) . No serovar has yet been ascribed to new branch H-1.
Phenotypic characterization of branches. The frequencies of occurrence of some phenotypic characteristics that have been recognized as having the greatest diagnostic power (32) are shown for the branches of greatest interest in Table 4 . (For the purposes of Table 4 the strains were grouped by 16s rRNA branch rather than NT cluster.) The strains used were selected for this study because of the ambiguity of their taxonomic positions based on their phenotypic properties, so it is not surprising that the branches are not unequivocally circumscribed by these properties. Nevertheless, some distinctions between some branches and known species can be made; for comparative purposes, the frequencies of occurrence in established species described in our previous report (32) were used as reference values, but are not reported in this paper.
Overall, the properties of members of branches B-1 through B-5 are sufficiently similar to the properties of M. intracellulare to justify treating them as representatives of that species. Only the positive acid phosphatase reactions in branch B-5 strains differ from the results obtained for the majority of M. intracelZulare strains. The high catalase responses of four of the branch B-6 strains, the absence of pyrazinamidase activity in three of these strains, and the scotochromogenicity of three of them reinforce the ambiguity of the taxonomic positions of members of this branch. Similarly, the heterogeneity of responses to enzymatic tests among the branch B-8 strains makes interpretation of their status difficult. The strains on branch B-9, which includes the type strain of M. avium, were notably consistent in their responses to the selected powerful diagnostic phenotypic tests, despite the fact that they resolved into two divergent clusters when a very broad range of properties was used for NT analysis.
16s rRNA branch H-1, corresponding to NT cluster 7, is of special interest. As pointed out previously (32), branch H-1 strains can easily be mistaken for M. gordonae when only a limited number of the most common phenotypic diagnostic tests are used. Since M. gordonae is rarely, if ever, the cause of human disease (35) and members of cluster 7 have been reported to be pathogens (32), distinction between these taxa is important. The main distinguishing phenotypic characteristics which we observed in this study (Table 4) were the positive nicotinamidase and pyrazinamidase reactions in most of the branch H-1 strains and the low-level catalase reactions in some of the branch H-1 strains. The frequencies of occurrence for the phenotypic properties shown in Table 4 were essentially the same for branches H-1 through H-3, but none of the three branch H-4 strains was scotochromogenic.
DISCUSSION
There were three main objectives of this study. One objective was to determine whether we could establish consistent criteria for using the depth of branching in 16s rRNA-based phylogenetic trees of slowly growing mycobacteria to help define new species in a polyphasic taxonomic sense (18). Another goal was to investigate the taxonomic status of a selected set of slowly growing mycobacteria that had resisted satisfactory classification in previous studies that were based on conventional phenotypic criteria (32). And the third objective was to evaluate the roles that a variety of semantide-based (37) and chemotaxonomic methods of analysis can play in identification of strains at the species, subspecific, and infrasubspecific levels.
Criteria for defining species. The generally agreed upon standard for defining the borders of bacterial species is based upon DNA-DNA hybridization data, which reflect the levels of relatedness of entire genomes (26). However, the availability of resources and technology for rapidly determining nucleotide sequences in selected regions of 16s rRNAs has led to some attempts to base phylogenetic schemes on levels of 16s rRNA homology alone (13). While these methods yield excellent data and do provide insights into evolutionary relationships at the higher taxonomic levels in bacteria, it is not yet clear how to apply these methods to resolution at the species level. This is in part related to the fact that a limited conserved region of the entire genome is reflected by the 16s rRNA genes and the fact that the depth of branching reflects in part the age of a particular branch; interspecies depth of branching may differ from genus to genus and even within a genus, as has been discussed in detail by Stackebrandt and Goebel (18) . A polyphasic approach to bacterial taxonomy (3) requires consideration of relatedness of semantides at at least the primary and secondary levels (37) and correlation with chemotaxonomic and other phenotypic properties, and this was the intent of this study. As A-a C-e A-a B-r B-r 
~~
The strains are arranged on the basis of the branches on the 16s rRNA phylogenetic tree to which they belong.
' The culture used in this study was derived from the type strain of the species indicated.
Determined in laboratory P.
'' Determined in laboratory C.
' Determined in laboratory D.
f Determined in laboratory F. K The serovar data were derived from the data generated in a previous IWGMT open-ended phenetic study of slowly growing mycobacteria (32). n, strain did not agglutinate with any of the typing sera used. R, rough; spontaneous agglutination occurred. noted previously (24), "A natural classification, as opposed to an arbitrary one, depends on discontinuities between sets. That is, there should be clusters of strains that are very similar to one another, but members of each cluster should be quite different from members of the nearest neighboring cluster-. . . .When we examine certain parameters at the molecular level, we see. . . .polymodal distributions that suggest a natural division of bacteria into hierarchies.. . ."
Attempts to establish a correlation between the Hamming distances of the 16s rRNA sequences of members of the branches and their DNA-DNA hybridization values were complicated by the fact that participants used relatively new techniques to measure DNA relatedness. In one laboratory hybridization was performed in microwell plates by using a selected set of reference DNA species standards and an enzyme-linked colorimetric assay (7) . The reference standard that yielded the highest value was considered to represent the species of the unknown, as long as the second highest value did not exceed 70% of the highest value, a value that has been recommended for interpreting conventional hybridization data (26). This method was originally developed so that it could be used for identifying strains rather than for taxonomic classification. Although this technique carries the risk that a strain may belong to a species that is not represented in the reference panel but which matches one of the reference standards at a level more than 30% higher than any other reference standard (e.g., the reaction of the reference strain of "M. parafinicum" with the M. scrofilaceum probe shown in Table Z), the overall results obtained in this study appear to be consistent, although not completely definitive. The occasional apparent inconsistencies may reflect problems associated with the kinetics of indicator enzyme systems in a solid-phase-liquid-phase interactive system, problems that are less important in methods that rely on direct measurements of bound radioactive label. Workers in another laboratory performed block strain pair titrations of dissolved DNA versus nitrocellulose-bound DNA and measured hybridization fluorimetrically (19, 20) . This technique yields markedly higher hybridization values than more conventional methods, and it was necessary to establish cutoff points by plotting hybridization values versus feature frequencies and identifying null points on the histograms of data obtained from strains that were derived from the type strains of known species (Fig. 7) . The results of this analysis established that the species cutoff level is a level of hybridization of about 85%. The presence of some isolated, scattered high values that do not represent clustering behavior (Fig. 6 ) cannot be explained, but these values may represent some physical problems that reflect kinetic variability in the solid phase-liquid phase interactions upon which the technique is based. Although both of the DNA-DNA hybridization techniques discussed above yielded results that were consistent and useful overall and have considerable potential for screening large numbers of strains and avoiding the use of radioisotopes, there is still a need for continued use of more conventional hybridization techniques for definitive circumscription of new species. Unfortunately, the methods used to produce large amounts of mycobacterial DNA and the methods used for single-phase liquid hybridization are time consuming, and few laboratories are prepared to continue performing these analyses. We strongly recommend that resources should be made available for one or more laboratories to prepare reference batches of DNAs from all recognized mycobacterial species and to maintain the capability of performing conventional hybridization assays between DNAs from proposed new species and previously recognized species. These reference resources should be made available at an international level to provide for consistency in future taxonomic decisions.
One striking observation that emerged from this study is that Enzymatic properties Nicotinamidase activity Pyrazinamidase activity (NH,) Pyrazinamidase activity (agar) Urease activity Aryl sulfatase activity (10 day) Catalase activity (>45 mm of foam) Catalase resists 68°C Alpha-esterase activity Beta-galactosidase activity Nitrate reduction moderate Acid phosphatase activity Tween opacity (5 weeks) Tween hydrolysis (10 days) Growth in the presence of: Ethambutol (1 pg/ml) Isoniazid (1 pg/ml) Isoniazid (10 pg/ml) NaCl (5%) Hydroxylamine (125 pdml) Hydroxylamine (500 pdml) Oleate (250 pg/ml) Picrate (2,000 p,g/ml) p-Nitrobenzoate (500 pg/ml) Toluidine blue (300 pg/ml) Thiacetazone (10 pg/ml) Thiophene-2-carboxylic acid hydrazide (1 pg ' RKC, number determined by the Rogosa-Krichevsky-Colwell method for coding data €or microbial strains for computer analysis (15) .
an unequivocal correlation between depth of branching on the mycobacterial 16s rRNA phylogenetic tree and the extent of DNA-DNA hybridization could not be established. We were not able to define (or even approximate) a single Hamming distance that represents the cutoff value above which two strains may be placed in different species and below which two strains must be considered members of the same species. An examination of the data suggests that sequence differences in the 16s rRNA molecules of more than 10 nucleotides probably indicate that organisms should be separated at the species level. On the other hand, the Hamming distance between the study strains derived from the type strains of M. szulgai and M. malmoense was only 2 nucleotides in the 1,384-nucleotide segment examined (Fig. 4 ), yet the DNA probe analysis, the DNA RFLP analysis, and the CY antigen protein probe analysis (Table  2) , as well as the phenetic NT analysis (Fig. 1) and lipid pattern analysis (Table 3 ), provided convincing evidence that these organisms should be placed in different species. In contrast, a comparison of branch B-1 through B-5 strains yielded interbranch Hamming distances ranging from 1 to 7 nucleotides in the 782-nucleotide segment examined, yet the results of the two DNA hybridization assays and the DNA RFLP analyses strongly indicated that these strains belong to a single species, M. intracellulare. 16s rRNA sequence analyses are clearly very valuable for establishing evolutionary pathways, but we cannot specify a fixed Hamming distance that always defines a new species, even in a single genus, such as the genus Mycobactedurn. Such decisions require individual attention in each specific case, and scientific judgment must take into account information at several semantide and phenotypic levels.
Taxonomic status of novel clusters and branches. With the caveats described above in mind, we attempted to interpret the status of some of the strains distributed for analysis in this study. The strains representing branches A0 through A4, C2, C3, D1, D2, El, and F1 were all derived from type strains of recognized species, and no strains that are closely related to these strains at the semantide or phenotypic levels were included in this study. Strains derived from the type strains of some other species did exhibit affinity with other strains in the study, as discussed below.
The strains on branches B-1 through B-9 are members of the informal M. auium-M. intracellulare complex. Members of branches B-1 through B-5 appeared to represent minor variants of M. intracellulare (Fig. 3) . The type strain of this species is on branch B-5, and the strains on this branch are the only strains that reacted with the commercially available 16s rRNA probe, as well as the T-catalase antibody probe for M. intracellulare. Members of this branch differ significantly in consensus frequencies from M. intracellulare in the results of tests for aryl sulfatase and acid phosphatase (32); however, it must be remembered that most of the strains in this study were selected for evaluation because they were phenotypic outliers, and such deviations were expected. The results of the DNA hybridization analyses, as well as the results of other semantide-based analyses (Table 2 ) and chemotaxonomic characteristics (Table  3) , support inclusion of the members of branches B-1 through B-4 in the species M. intracellulare; it might be appropriate to treat these taxa as ribovars, since the main differences among them are small variations in their 16s rRNA nucleotide sequences. The single member of branch B-7 probably also belongs to this group, despite an inconclusive DNA RFLP pattern; the matching scores of this strain on the phenetic NT diagram (Fig. 1) indicate that it exhibits very high affinities for most strains on branches B-1 through B-6. Some of the strains in this group probably correspond to the kinds of strains that reacted with the erstwhile "X' probe (Syngene, Inc., San Diego, Calif.), but not with the M. intracellulare Gen-Probe probe or the M. intracellulare T-catalase intrinsic enzyme probe cited in the study of Woodley et al. (36) . Branch B-9 includes the type strain of M. avium. Even though members of branch B-9 are poorly allied on the phenetic NT diagram (Fig. l) , the results of the semantide-based analyses ( Table 2 ) clearly confirm that they belong to M. avium and are distinct from M. intracellulare.
Interpretation of the status of members of branches B-6 and B-8 is more difficult. Both of these branches are large enough (five and six members, respectively) that it should be possible to characterize them. However, their phenotypic characteristics are confusing (Fig. 1) . Two of the branch B-6 strains (IWGMT 90230 and IWGMT 90248) are closely allied with the M. intracellulare strains on branches B-1 through B-5 and B-7, but the other three strains (IWGMT 90097, IWGMT 90101, and IWGMT 90180) form a tight phenetic cluster with the erstwhile type strain of the invalid species "M. parafinicum," which is the sole member of 16s rRNA branch C-4.2. All five branch B-6 strains reacted with the M. intracellulare reference probe in the DNA-DNA microplate assay (Table 2 ), but the three branch B-6 strains that were used in the fluorescentmembrane assay clustered with each other but only questionably clustered with other strains (Fig. 1 ). In the DNA RFLP and a protein antigen assays, these strains reacted like M. scrofulaceum, and their lipid chromatographic patterns were the same as the patterns produced by M. intracellulare, M. aviurn, and M. scrofulaceum (Table 3) . When the most powerful diagnostic phenotypic characteristics were used (Table 4) , the majority of the branch B-6 strains exhibited scotochromogenicity and high levels of catalase reactivity, characteristics of M. scrofulaceum. On the basis of their location on the 16s rRNA phylogenetic tree and their reactivities with the DNA reference probes, members of branch B-6 may best be considered members of a subspecies of M. intracellulare for the time being, but further study of the DNA-DNA reactions of these organisms will be necessary to clarify their status.
Similarly, members of branch B-8 occur in several places on the phenetic NT diagram, but most of these strains group together in cluster 8 (Fig. 1) . Members of branch B-8 have the same peculiar distributions of semantide affinities described above for branch B-6 strains ( Table 2) . They are especially erratic in their responses to the enzymatic tests among the diagnostic characteristics listed in Table 4 . It is not possible to make a firm recommendation concerning the taxonomic status of members of 16s rRNA branch B-8 at this time.
Branch C-1 is composed of six strains, including the type strain of M. malmoense. Four of these six strains occurred in phenetic NT cluster 10 (Fig. l) , and the DNA hybridization data clearly placed three of them in a single species. The lipid analyses revealed minor differences in the patterns of the two other strains (IWGMT 90045 and IWGMT 90047), which occurred in an unnumbered NT cluster just above cluster 6 on the phenetic diagram ( Fig. 1) and exhibited low matching values with the other members of this branch. The DNA RFLP results support placement of all six strains in the species M. malmoense, and the phenotypic feature frequencies based on the results of major diagnostic tests are comparable to the values published previously for this species (32).
Branch C-2 includes a single strain, the type strain of M. szulgai, and, as noted above, the 16s rRNA sequence of this organism differs by only two nucleotides from the M. malmoense sequence. Nevertheless, the DNA hybridization and RFLP data, as well as the lipid patterns, support separation of M. szulgai and M. malmoense strains into two distinct species. Branch C-3 includes only two strains, which were derived from the type strains of M. cludes two strains, one of which was derived from the type strain of M. scrofulaceum and the other of which had the semantide and chemotaxonomic characteristics of that species. Branch C-4.1 consists of two strains that are widely separated on the phenetic NT diagram (Fig. l) , but nevertheless exhibited matching scores of more than 85% with each other. The DNA hybridization and RFLP results obtained for these strains are equivocal, as are other properties. Further interpretation of the taxonomic status of the branch C-4.1 strains will depend on acquisition and study of additional strains that have the same 16s rRNA nucleotide sequences.
Branch C-4.2 consists of a single strain, IWGMT 90139, which was derived from the type strain of the invalid species "M. parafinicum." The tight phenetic clustering observed between this organism and other strains recognized in our previous study (32) led us to believe that revival of the species "M. parajinicum" might be warranted. However, as noted above, most of the strains in phenetic cluster 6 belonged to 16s rRNA branch B-6, whereas strain IWGMT 90139 reacted in most cases only with semantide-based probes derived from itself; an exception was the microplate DNA-DNA assay, which included no "M. parafinicum" probe, in which this strain reacted with the M. scrojklaceum probe (Table 2) . Thus, strain IWGMT 90139 is an isolated strain that exhibits no unequivocal taxonomic relatedness to any other known culture, so the species "M. parajinicum" should not be revived at this time.
The lone member of branch C-5 exhibits some semantidebased relatedness to M. scrofulaceum (Table 2 ), but its taxonomic position cannot be established until more strains are found. The branch C-6 strain was derived from the type strain of M. shimoidei. Branch C-7 consists of one strain that was derived from the type strain of M. asiaticum, and the semantide-based data clearly confirmed that the strain is a member of this species. The branch C-7.1 strain is closely related to M.
asiaticum.
The two strains on branch E-2 clustered tightly with each other on the phenetic NT diagram (Fig. 1) ; the semantidebased data (Table 2 ) and the lipid patterns (Table 3) suggested that these two strains are indeed closely related to one another. Their relationship between these organisms and other species was ambiguous, although their 16s rRNA signature sequences were similar to those of M. asiaticum. Their consistency in almost all of the characteristics examined suggested the possibility that they represent a distinct taxon, and a search for more representatives of this branch should be continued.
Branch G-1 consists of a single strain with that exhibited no marked affinity with any other strain at the phenotypic or semantide levels, although its lipid patterns resembled those of M. avium.
Phenotypic cluster 7 was singled out for special attention in our previous study because it was a large cluster whose members reacted like M. gordonae in most commonly used phenotypic diagnostic tests, but it differed from that species in that many of its members were considered agents that cause human disease (32). In fact, it has been speculated that the very rare cases of human disease that have been attributed to M. gordonae may have actually been caused by members of this novel cluster that were misidentified as M. gordonae (35) . Of the 14 strains that belong to phenetic cluster 7 ( Fig. 1) , 10 belong to 16s rRNA branch H-1. Two more branch H-1 strains occur in an unnumbered cluster just below cluster 4c, another belongs to cluster 6, and still another belongs to cluster 9; all four of these strains exhibit high phenetic matching scores when they are compared with members of phenetic cluster 7 and could easily have been placed in that cluster. Neither M. interjectum nor M. genavense had been described or named when the set of strains was distributed for this study, so workers did not have sequence information or probes for these new species. However, when the results of a preliminary analysis of data suggested that the branch H-1 strains might be M. interjecturn strains, it was suggested to the investigator in laboratory Q that the type strain of this new species should be obtained and its DNA should be added to the battery of reference materials used to test all strains by the microplate hybridization method. This was done without revealing the identity of any of the coded strains in the study, so the integrity of the blind assay was not compromised. The branch H-1 strains (Fig. 2) form a tight cluster as determined by the fluorescent-membranebased DNA-DNA hybridization assay (Fig. 6) , and most of them react in the microplate hybridization assay with the reference DNA probe from M. interjectum, a new species that was isolated from two specimens obtained from one child with chronic lymphadenitis (16). The branch H-1 16s rRNA nucleotide pattern of exhibits a Hamming distance of only 2 nucleotides from the M. interjecturn pattern (Fig. 4C) . All branch H-1 strains reacted specifically with new 16s rRNA probe D in laboratory B; as noted above, this probe was originally considered by its developer to be potentially useful for identifying M. haemophilum. It is interesting that most members of branch H-1 had nucleotide sequences that corresponded to the sequences of M. simiae when the region used by workers in laboratory I was examined. Members of this branch produce some novel DNA RFLP patterns and react with the M. malmoense CY antigen protein probe (Table 2) . They also produce a unique and consistent HPLC mycolate pattern and several different novel lipid TLC and GC patterns ( Table 3 ). The data obtain provide convincing evidence that the strains on branch H-1 belong to the new species M. interjectum.
Three other minor branches appear on the limb that bears M. interjectum and branch H-1. The lone strain on branch H-2, which exhibited Hamming distances of 3 nucleotides from branch H-1 and 5 nucleotides from M. interjecturn, exhibited high levels of DNA-DNA hybridization with most members of branch H-1 in the fluorescent-membrane test, but was not identified in the microplate hybridization test or the RFLP analysis. This strain was the only strain other than the strains on branch H-1 that reacted with probe D in laboratory B, and it fell well within phenetic NT cluster 7 (Fig. 1) ; however, it was urease positive (Table 4) , and its lipid patterns were not consistent with those of members of branch H-1 (Table 3 ). Similar problems occurred with the two strains on branch H-3. The status of the three strains on branch H-4 is even more unclear. The 16s rRNA pattern that represents this branch differs from the patterns of M. interjectum and branches H-1, H-2, and H-3 by Hamming distances of 12, 10, 7, and 8 nucleotides, respectively (Fig. 4C) , and the DNA hybridization results do not resolve the relatedness ( Table 2 ). The lipid patterns are consistent with some patterns observed in branch H-1, H-2, and H-3 strains. The frequency distribution of the responses of the branch H-4 strains in the major diagnostic tests is similar to the frequency distribution of the branch H-1 strains, except that the branch H-4 strains are not chromogenic. Thus, the taxonomic status of the six strains that make up branches H-2, H-3, and H-4 remains unclear, but these organisms may represent ribovars and/or subspecies of M. interjecturn.
Branch 1-1 comprises two strains, IWGMT 90210 and IWGMT 90199, which are widely separated from each other on the phenetic NT diagram and which exhibited no notable level of relatedness with each other in any semantide analysis other than the 16s rRNA sequence analysis performed in laboratory P or in the chromatographic behavior of their lipids, as determined in laboratory D. They do share a unique HPLC myco-late pattern (Table 3) . No conclusions concerning the taxonomic status of these organisms can be reached on the basis of the data available at this time, although they do share a major limb on the 16s rRNA phylogenetic tree with M. simiae and M. genaveizse (Fig. 2) .
Branch 5-2 includes the strain derived from the type strain of M. simiae and two other strains that have the same semantide and chemotaxonomic characteristics (Tables 2 and 3 ). The single strain on branch 5-3 exhibits a 16s rRNA Hamming distance of only three nucleotides from branch 5-2 ( Fig. 4C) and shares other semantide and chemotaxonomic characteristics with branch 5-2, but it produces a unique DNA RFLP pattern; this organism may reasonably be considered a ribovar of M. simiae. The single member of branch J-1 yielded ambiguous results in the semantide analyses; it reacted with the M. avium commercial RNA probe but not with the M. avium reference DNA, and its taxonomic status could not be established from the data available.
Roles of different methods and parameters in polyphasic classification and identification of mycobacteria. The data obtained in this study permitted us to evaluate the roles that each of the techniques used can play in the systematic study of mycobacteria. At the primary semantide level, DNA-DNA hybridization, which reflects the affinity of the whole genome, continues to offer the most consistent criterion (i.e., 70% hybridization under stringent conditions [ 18,261) for establishing whether two strains belong to the same species and thus for establishing the existence of new species. Because of the limited range over which DNA-DNA hybridization can be determined with reasonable accuracy, this method is not useful for assessing evolutionary pathways or distances at taxonomic levels beyond the species level. The two DNA hybridization methods used in this study were based on interactions between dissolved DNA samples and immobilized samples. Presumably because it is more difficult to control the kinetics of reactions that occur in two-phase (liquid-solid) systems than the kinetics of reactions that occur in single-phase liquid systems, the twophase systems are considered less quantitative than the liquid hybridization systems (5) . This may explain some of the apparent inconsistencies observed in the DNA-DNA hybridization results obtained in this study. The membrane fluorimetric method used by workers in laboratory J (19,20) was useful for cross-titrating multiple strains, and the data provided by these workers were used to generate a block triangular homology diagram and defined the appropriate species cutoff level (85%) for this technique. The utility of this method for taxonomy would be enhanced if factors that were responsible for the inconsistencies could be identified and corrected. The colorimetric microplate method used by workers in laboratory Q was originally intended to be used for identification rather than classification purposes (7), and it requires the use of a reference sample derived from every possible species. Although the requirement that the highest binding value must exceed the second highest value by at least 30% reduces the chance of a false identification, it does not eliminate that possibility (see "M. parafinicwm" in Table 2 ). One way to resolve this problem would be to include an immobilized sample of the homologous organism in one well of the test plate when an unknown organism is tested, thus establishing a value for the "true 100%" reaction, and to accept as definitive only an value that was at least 70% as high. With this modification, the potential for using this method for classification as well as identification would be enhanced.
Although DNA RFLP patterns that appear to be characteristic of certain species can be recognized, it is clear from the data presented above that a number of different patterns are produced by members of individual mycobacterial species. Thus, this technique is most useful in epidemiologic or ecologic studies in which tracing individual strains is the major objective.
The most precise method for assessing levels of relatedness between primary or secondary semantides of different taxa is actually determining nucleotide sequences. DNA sequencing of the entire genome is clearly impractical. On the other hand, it is practical to determine the sequence of the DNA that codes for a region of a secondary semantide (RNA) that appears to encompass the desired degree of conservation for the purpose at hand. This was done in this study with 16s rRNA, and the phylogenetic trees that were obtained appeared to reflect evolutionary pathways. However, the apparent depth of branching, influenced as it was by the time in the past when bifurcations of the tree occurred (18), the region selected for sequencing, and the algorithm chosen to analyze it, was not a reliable index of the cutoff level for establishing species borders, varying from 2 to 7 substitutions and/or deletions. Once a species has been identified by a polyphasic strategy in which 16s rRNA sequencing, DNA-DNA hybridization, and phenotypic characterization are used, the sequences in selected regions can be used to identify individual strains. Alternatively, the DNA coding for selected subregions of the RNA can be reproduced in the form of probes that can be used to identify strains at different desired levels of specificity, as shown by the results obtained with a variety of probes (Table 2) .
Antibody probes for individual proteins can serve a function similar to the function served by RNA probes. The data derived from application of cross-absorbed antibody probes to immunodiffusion recognition of (Y antigen protein (21,22) or to a multidot panel for identification of intrinsic T-catalase (27) indicated that such antibody probes can identify mycobacteria at specific and subspecific levels and probably can be tailored, through appropriate levels of cross-absorption and the use of mixtures of probes, to provide identification at any level desired. An advantage of these methods is that demands on sophisticated technical skills and equipment needs are minimal. The mycobacterial MLEE technique appears to be a technique that is best suited to epidemiologic or ecologic applications, since different patterns are evident within species. The systematic utility of this method would be enhanced if workers recorded actual distances of migration, rather than simply divided the migration rates into the three categories used in this study. This would probably have eliminated some of the apparently identical patterns observed with different species (Table 3).
The three chemotaxonomic techniques used to characterize mycobacterial lipids (HPLC, TLC, and GC) yielded various degrees of resolution within the genus ( Table 3) . In some cases, most notably M. malmoense, M. interjectum, and M. simiae, the HPLC patterns appeared to be species specific; in other cases (e.g., M. intracellulare) they subdivided species; and in still other cases they crossed species lines. The combined TLC and GC patterns exhibited a similar range of distribution specificities, except that their distributions differed from those of the HPLC data, in some cases extending above the species level. For example, pattern B-b was found very consistently in M. intracellulare, M. avium, M. scrofulaceum, and members of closely allied 16s rRNA branches, such as branches C-4.1 and C-4.2. Two patterns were observed with M. malmoense strains, and four patterns were observed with M. interjectum strains. Particularly interesting is the fact that the results of all of the lipid analysis methods distinguished M. interjectum from the type strain of M. gordonae, a fact of considerable practical significance. Lipid analyses appear to be most useful for identifying mycobacteria when they are used in combination with some On: Sun, 18 Nov 2018 11:54:28 VOL. 46, 1996 supplementary tests that resolve cases in which a pattern occurs in more than one species.
